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Introduction
Adventitious root formation is the formation of roots from non-root tissues such as stem or leaf tissues and is critical for propagation of forestry and horticultural species and for tissue culture systems. Several hormones such as auxins, cytokinins, and ethylene have long been known to regulate adventitious root formation (De Klerk and others 1999) . However, recalcitrance of plants to adventitious rooting persists as a problem in many horticultural and forestry species. Although differences exist between adventitious root formation on cuttings in the light (Rasmussen and others 2012a) compared to intact pea seedlings in the dark (Urquhart and others 2015) , a new class of plant hormones, strigolactones, was shown to regulate adventitious root formation in both Arabidopsis (Arabidopsis thaliana) intact seedlings, and in pea (Pisum sativum) (Rasmussen and others 2012a) and tomato (Solanum lycopersicum) stem cuttings (Kohlen and others 2012) . It was shown that strigolactone may act together with auxin to regulate adventitious root formation (Rasmussen and others 2012a) . Furthermore, inhibition of strigolactones was able to stimulate adventitious root formation across a range of species (Rasmussen and others 2012b) demonstrating the potential industrial applications of manipulating strigolactone signaling. However, to maximize this potential, understanding how strigolactones interact with other known regulators of adventitious roots is essential.
Strigolactones were originally discovered for their promotion of mycorrhizal association (Akiyama and others 2005) and parasitic weed seed germination (Cook and others 1966; Matusova and others 2005) , and more recently found to inhibit shoot axillary bud outgrowth (GomezRolden and others 2008; Umehara and others 2008) . Orthologous strigolactone signaling and synthesis genes have been found in all higher plant species examined, most notably Arabidopsis, pea, tomato, petunia (Petunia hybrida), rice (Oryza sativa), and chrysanthemum (Dendranthema grandiflorum) in which loss-of-function mutations in these genes result in increased bud outgrowth (Drummond and others 2009; Beveridge and Kyozuka 2010; Liang and others 2010; de Saint Germain and others 2013) . Strigolactones are produced from CAROT-ENOID CLEAVAGE DIOXYGENASE 7 and 8 (CCD7/ MAX3 and CCD8/MAX4), downstream of which, MORE AXILLARY BRANCHES 1 (MAX1), a cytochrome P450 enzyme, likely acts on a mobile intermediate in the production of strigolactones (Booker and others 2005) . The response to strigolactones requires an F-Box leucine-rich repeat protein encoded by MAX2/RAMOSUS4/DWARF3 (MAX2/RMS4/D3; Stirnberg and others 2007; GomezRolden and others 2008; Umehara and others 2008; de Saint Germain and others 2013) and an α/β hydrolase encoded by D14 (Arite and others 2009; Hamiaux and others 2012; Kagiyama and others 2013; Yao and others 2016) . Strigolactones have also been demonstrated to regulate other aspects of the root system, including root growth, root hair development, and lateral root formation (Koltai and others 2010; Kapulnik and others 2011a, b; Rasmussen and others 2013) .
It has been suggested that ethylene may act downstream of strigolactone in stimulation of root hair elongation (Kapulnik and others 2011b) . Furthermore, it has been shown that strigolactone increased production of ethylene in Striga hermonthica seeds while blocking ethylene production, together with strigolactone treatment resulted in no germination of the Striga seeds (Logan and Stewart 1991; Sugimoto and others 2003) . These findings support the hypothesis that strigolactone induces ethylene production which in turn affects root hair lengths and germination of parasitic weed seeds. In this study, we investigated whether ethylene interacts with strigolactone in the regulation of adventitious root formation.
In Arabidopsis, ethylene is synthesized from methionine through 1-aminocyclopropane-1-carboxylic acid (ACC) by the subsequent action of a family of ACC synthases and ACC oxidases (De Paepe and Van Der Straeten 2005) . Dominant mutations in ACC synthases, like ethylene overproducer 2/ACC synthase 5 (eto2/acs5) and eto3/acs9 lead to ethylene overproduction (Chae and others 2003) . In essence, perception and signal transduction of ethylene in Arabidopsis rely on five ethylene receptors and the central inhibitor of the pathway, CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) (reviewed in Van de Poel and others 2015) . In the presence of ethylene, the receptors relieve their activation of CTR1, leading to derepression. As a consequence, the C-terminal portion of the downstream ER-membrane-localized component ETHYLENEINSEN-SITIVE 2 (EIN2) accumulates in the nucleus, where it positively regulates subsequent nuclear steps, including accumulation of the transcription factor EIN3 and triggering ethylene responses (Qiao and others 2012) . Hence, whereas loss-of-function ctr1 mutants have constitutive ethylene responses, disruption of EIN2 and EIN3 causes ethylene insensitivity.
Studies on the effect of ethylene on adventitious rooting under non-waterlogged conditions have produced contrasting results. For example in tobacco (Nicotiana tabacum L.; McDonald and Visser 2003) and Prunus avium (Biondi and others 1990) , ethylene treatments reduced adventitious rooting. This response was significantly reduced in the tobacco ethylene-insensitive mutant Tetr compared to the wild type (McDonald and Visser 2003) . In contrast, the ethylene precursor ACC enhanced adventitious rooting in non-waterlogged, etiolated hypocotyls of tomato (Negi and others 2010) and in stem cuttings of mung bean (Vigna radiata; Riov and Yang 1989) and sunflower (Helianthus annuus; Liu and others 1990) . Supporting this result, the Never ripe (Nr) ethylene-insensitive mutant in tomato produced fewer adventitious roots, whereas the ethylene-overproducing mutant epinastic (epi) produced more (Negi and others 2010) . In apple (Malus domestica Borkh), ethylene appeared to have no effect on adventitious rooting (Harbage and Stimart 1996) . Adding even more complexity, at high auxin levels ethylene is inhibitory in mung bean and eucalyptus hybrids (De Klerk and Hanecakova 2008; Kilkenny and others 2012) , whereas at low auxin levels ethylene promoted adventitious rooting in mung bean (De Klerk and Hanecakova 2008) .
Many studies have shown that ethylene regulates root elongation (Ruzicka and others 2007; Stepanova and others 2007; Swarup and others 2007) , and findings that lateral root development is inhibited by ethylene in Arabidopsis (Ivanchenko and others 2008; Lewis and others 2011) , tomato (Negi and others 2010) , and radish (Raphanus sativus L.; Radin and Loomis 1969) also provide further support for the role of ethylene in root development. Moreover, addition of ethylene to DR5rev:GFP seedlings demonstrated a reduced GFP signal in the root tip and elongation zone of mature roots (Ruzicka and others 2007; Lewis and others 2011) supporting the idea that ethylene regulates lateral root development via a reduction in local auxin signal. Also in adventitious root development in Arabidopsis hypocotyls, auxin plays a central role. The auxin maximum required for adventitious root production appears as the result of a concerted action of the YUCCA6 auxin biosynthesis enzyme and auxin transport dependent on AUXIN1, LIKE AUXIN 1-3, and PIN FORMED1 (Della Rovere and others 2013).
Here, we used strigolactone and ethylene mutants together with pharmacological treatments to test whether strigolactones change ethylene signaling or response or vice versa to regulate adventitious root formation.
Materials and Methods

Plant Materials and Growth Conditions
Arabidopsis seeds were gas sterilized for 4 h (chlorine gas created using (5% hypochlorite):HCl (100:3 v:v) in a 10 L container within the fume hood) and sown on square agar plates containing 10 g L − 1 phytagel (Sigma-Aldrich, http://www.sigmaaldrich.com); 5 g L −1 sucrose; 1.5 g L −1
Murashige and Skoog (MS) salts (Phytotechnology Laboratories, http://www.phytotechlab.com); 0.5 g L −1 MES and then stratified in the dark at 4 °C for 3 days. Arabidopsis seedlings were grown in 16 h:8 h day:night conditions at 22 °C. Lines used were Columbia (Col-0) wild type, max2-1, max4-1, ein2-1, ein2-5, ein3-1, etr1-1, ctr1-1, eto2-1, and eto3-1. Induction and measurement of adventitious roots in intact Arabidopsis plants was performed using 4-day etiolation followed by 7-day growth in light as previously described (Sorin and others 2005; Rasmussen and others 2012a) , with minor modifications. Briefly, for ACC experiments, wild-type Col-0 and mutant homozygous seed lines: max2 (At2g42620) and max4 (At4g32810) were placed in the dark in a controlled environment cabinet at 22 °C for 4 days. Etiolated seedlings were then transferred to fresh agar plates containing 0, 0.1, 1, 10, and 100 µM of ACC. The petri dishes were subsequently exposed to light (16 h/day) at 22 °C for 7 days. The number and distribution of adventitious roots on each seedling were recorded. Adventitious roots were only counted above the root-hypocotyl junction (and not including any roots that formed at the junction) and adventitious roots were recorded separately for the top third and the lower two-thirds. The distribution of adventitious roots is also presented in the Electronic Supplementary Materials (Supplemental Fig. S2 ) as a percentage of the total roots per seedling. Seedlings with zero adventitious roots are also included in all treatments to demonstrate the inhibition occurring with high ACC treatments.
Strigolactones do not affect hypocotyl length and are required in the media prior to the transfer to the light for effect (Supplemental Fig. S1 ; data not shown), so GR24 (racemic mixture) treatments were applied in the original media on which the ethylene mutant seeds were germinated. When testing ethylene mutants for strigolactone response, 0 or 1 µM GR24 was used, whereas in the GR24 dose-response experiment for ein2, concentrations used were 0, 1, 10, 100, and 1000 nM. Measurements were made 7 days after transfer to the light. We previously demonstrated clear effects on adventitious root formation at these low concentrations (Rasmussen and others 2012a) .
To check for an additive effect of ethylene and strigolactone in Columbia, max2, and max4, 0 or 1 µM GR24 was included in the media from germination. At the time of moving plates to the light, seedlings were then transferred to new plates containing 0 treatment, 1 µM GR24, 10 µM ACC, 100 µM ACC, 10 µM ACC + 1 µM GR24, or 100 µM ACC + 1 µM GR24. Measurements were made 7 days after transfer to the light.
Reporter Line Analysis
GUS staining was performed as described in (Vandenbussche and others 2010). The ethylene reporter EBS::GUS (Stepanova and others 2007) staining patterns of the primary roots between GR24 treated and nontreated were compared.
Ethylene Measurement
Approximately 100 seeds per line were placed in a 10-mL vial on medium containing 1.5 gL −1 Murashige and Skoog medium (Duchefa Biochemie, http://www. duchefa-biochemie.nl/), 5 gL −1 Sucrose (VWR; https:// be.vwr.com/), 8 gL − 1 Plant Tissue Culture Agar (LABM; http://www.labm.com/), and seedlings grown. Before the measurement, the vials were sealed with a rubber plug and a snap-cap (Chromacol; http://www.chromacol. com/) to accumulate ethylene. The vials were flushed at a flow rate of 2 L h − 1 and ethylene was measured at the selected time points during the transition from the dark to the light with a photo-acoustic detector (Thain and others 2004) . For experiments on max mutants, ethylene was collected for 24 h on day 3, 4, and 5 of dark growth. Three replicates per seed line were included. The assay was performed twice with similar results. For the GR24 experiment, ethylene was collected for 12 h on day 4 of darkness, 12 h before transfer to the light, and on time points 12, 24, 36, 48, 60, and 72 h, after transfer to the light (16h light/8h dark photoperiod) to mimic the conditions under which adventitious roots are forming. Four independent replicates of each treatment were included.
Data Analysis
The quantitative data were represented as mean + SE. Statistical analysis was performed in R 3.2.3. (R Foundation for Statistical Computing, Vienna, Austria; https:// www.R-project.org/). Comparison of means among three or more groups was done through Analysis Of Variance. Normality of the residuals and homoscedasticity was verified by quantile-quantile plots and boxplots, respectively. Due to violation of these assumptions, non-parametric alternatives were chosen. The Scheirer-Ray-Hare extension of the Kruskal Wallis rank sum test was applied followed by post hoc Wilcoxon rank sum tests (P < 0.05) for multiple pairwise comparisons (with Bonferroni correction for multiple testing). To compare average ethylene production in Fig. 2 , a Student's t test (two-tailed; P < 0.05) was applied.
Results
Strigolactone Mutant Responses to the Ethylene Precursor ACC
Because there are conflicting results regarding the role of ethylene in adventitious root formation (Harbage and Stimart 1996; McDonald and Visser 2003; Negi and others 2010) , and because the response to ACC of adventitious roots in Arabidopsis has not previously been reported, we first analyzed the ethylene response in our conditions (intact dark grown seedlings after transfer to light), for the Columbia (Col-0) wild type of Arabidopsis on the total number of adventitious roots. To determine the order of action of ethylene and strigolactone in regulating adventitious root formation, the effect of increased concentrations of ACC on strigolactone-insensitive (max2) and strigolactone-deficient (max4) mutants was analyzed in parallel. One and 10 μM are commonly used concentrations of ACC (Ruzicka and others 2007; Swarup and others 2007; De Klerk and Hanecakova 2008 ; Negi and others 2010; Ellison and others 2011) so we chose a dose-response assay which included these concentrations. As a stress hormone, ethylene can accumulate to very high levels. Hence, to have a complete coverage of the physiological range we extended treatments to 100 µM ACC (Vriezen and others 2003; Achard and others 2006) .
Application of the ethylene precursor ACC did not induce any significant changes in adventitious root formation in wild-type seedlings (Fig. 1a) . Nonetheless, a small increase, from 2.5 to 3 roots on average, was visible at low concentrations (0.01 µM), whereas a higher dose (100 µM) tended to inhibit adventitious root formation to <2 roots for wild-type seedlings. Interestingly, this trend was more pronounced in max2 and max4, indicating that the strigolactone mutants may be more sensitive to ACC than the wild type. At low concentrations (0.01 µM), ACC tended to increase the number of adventitious roots in max mutants, max2 appearing more sensitive than both max4 and the wild type (P < 0.05). Adventitious root formation in both max2 and max4 was inhibited at the highest dose of ACC (100 µM; P < 0.05).
The contrasting low versus high concentration effect matches the response in lateral root formation (Kapulnik and others 2011a) and highlights the importance of detailed dose-responses for reporting the effect of ethylene on adventitious root formation.
However, we expected a larger response in the adventitious root formation given the higher response in other species (Lorbiecke and Sauter 1999; Negi and others 2010) , so to check the activity of our ACC stocks we measured hypocotyl elongation on seedlings treated with ACC during the etiolation period (Supplemental Fig. S1 ). The expected Fig. 1 In etiolated seedlings, ACC has a differential effect on adventitious rooting of the upper hypocotyl compared to the lower hypocotyl. a Average number of adventitious roots with increasing concentrations of ACC on Columbia wild type (col), max2 strigolactone-insensitive mutant, and max4 strigolactone production mutant. b Phenotype of Columbia wild type and max2 without ACC or with 10 µM ACC, 1 square = 10 mm. c-f Closer view of the etiolated hypocotyl showing the distribution of adventitious roots for Columbia control (c), Columbia + 10 µM ACC (d), max2 control (e), and max2 + 10 µM ACC (f) arrows point to the hypocotyl-root junction, dots mark out sites of adventitious root initiation. g and h The average number of adventitious roots forming in the top 3rd (g) and lower 2/3 rds (h) of the hypocotyl for Columbia wild type, max2, and max4 at increasing ACC concentrations. Means are presented ± standard error bars. Different letters represent means that are significantly different. Statistical analysis through Scheirer-Ray-Hare test (P < 0.05) followed by post hoc Wilcoxon rank sum test (P < 0.05) (n > 30 per biological repeat, 4 biological repeats) inhibition of elongation was observed from 0.1 μM ACC, indicating that ACC stock activity was normal. In addition, the max4 mutant hypocotyl was 2 mm shorter than the wild type in control conditions. However, this reduction was very small compared to the effect on the hypocotyl length of ACC treatments or in enhanced ethylene signaling mutants.
Observation of the etiolated seedlings with adventitious roots revealed the typical reduction in root length in the presence of ACC (Fig. 1b) . Moreover, a striking shift in the location of adventitious root formation to more apical positions was observed in all genotypes upon treatment with ACC ( Fig. 1c-f) . Therefore, the effect of ACC on the average number of adventitious roots was recorded separately for the top third and lower two-thirds of the hypocotyl to ensure that relevant ACC effects were not overlooked ( Fig. 1g, h ; also presented as a percentage of the total adventitious roots formed including seedlings where 0 roots formed in Supplemental Fig. 2a, b) . ACC clearly enhanced the number (Fig. 1g) or percentage (Supplemental Fig. 2a ) of adventitious roots in the apical third of the hypocotyl while reducing the number (Fig. 1h) or percentage (Supplemental Fig. 2b ) of adventitious roots in the remaining part of the hypocotyl in both wild-type and max2 and max4 mutants. These results suggest that ethylene acts either downstream or independently of strigolactones in regulating adventitious root formation.
Ethylene Production is Unchanged by GR24 Treatment or in the max4 Strigolactone Biosynthesis Mutant, but Reduced in the max2 Insensitive Mutant
To determine if the strigolactone mutants produce different amounts of ethylene, emanation was measured from seedlings of Columbia wild type, max2, and max4 grown on control media (Fig. 2a) . At 3, 4, and 5 days of etiolation, the ethylene production in max4 was not different from wild type (Fig. 2a) . However at day 3 of etiolation, max2 produced significantly less ethylene (0.15 pL h −1 seedling −1 ) compared to the control seedlings (0.22 pL h −1 seedling −1 ; P < 0.01; Fig. 2a ). This trend was also apparent at 4 days of etiolation but was lost after 5 days of etiolated growth (Fig. 2a) . This experiment has been repeated including max1 and max3 (other strigolactone biosynthesis mutants) and the pattern of ethylene production was consistent, with max1, max3, and max4 producing wild-type amounts of ethylene, while ethylene production in max2 was reduced (data not shown).
To determine if exogentableous strigolactone influences ethylene production, wild-type seedlings were grown in cuvettes either with control media or with 1 μM of the synthetic strigolactone GR24. Ethylene emanation of etiolated seedlings was measured every 12 h starting at 12 h before Fig. 2 Ethylene production is reduced in max2 strigolactone-insensitive mutant but unchanged by GR24 treatment or max4. a Ethylene production of etiolated Columbia wild-type, max2 strigolactoneinsensitive, and max4 strigolactone-deficient mutants after 3, 4, or 5 days of darkness. b Ethylene production of wild-type seedlings in the presence or absence of 1 µM GR24. Measurements were taken 12 h before transfer to the light (−12), transfer to the light (0), and then every 12 h after transfer to the light (12, 24, 36, 48, 60 , and 72 h since light transfer). The total etiolation was 4 days. Day length was 16 h. a, b The periods of dark growth are indicated with black bars; night periods in (b) occurred from hrs 16-24; 40-48; and 64-72 . Means are presented + standard error bars. Statistical comparison of average ethylene production (for (a) between max2 and wild type; (b) between untreated and GR24-treated for each time point) with Students t test; *P < 0.05; **P < 0.01 the transition to light (−12 h) until 72 h after transition to light (Fig. 2b) . After light transfer, no differences in ethylene production were found between the control and GR24-treated seedlings, which is consistent with the results from GUS staining in the primary roots of the ethylene reporter EBS::GUS, where GR24 did not affect reporter gene induction (Supplemental Fig. 3; Stepanova and others 2007) . After transfer to the light, ethylene production in both control and GR24-treated seedlings decreased from greater than 0.15 pL h − 1 seedling − 1 to about 0.05 pL h − 1 seedling −1 (P < 0.01). Together, these findings suggest that ethylene production is influenced by MAX2 but does not require strigolactone.
Ethylene Mutant Response to GR24 Treatments
To determine if strigolactone acts upstream or downstream of ethylene in regulating adventitious root formation, we applied the synthetic strigolactone GR24 to a set of ethylene mutants (Fig. 3a, b) . Because some of the mutants have shorter hypocotyls after etiolation, we standardized the number of adventitious roots as density (number of roots per mm of hypocotyl length) in Fig. 3a , whereas the total averages are presented in Fig. 3b . Ethylene mutants associated with enhanced ethylene sensitivity (ctr1-1) or production (eto2-1 and eto3-1) produced more adventitious roots per mm of hypocotyl compared to wild type (Fig. 3a) . Similarly, the mutants associated with reduced sensitivity to ethylene (ein2-1, ein2-5, and ein3-1) produced less adventitious roots per mm compared to the wild type (Fig. 3a) . The distribution of adventitious roots also varied across the different ethylene mutants. Comparable to Fig. 3a, b , both the average and standardized (density normalized to the length of the observed part of the hypocotyl) number of adventitious roots are presented. Less adventitious roots per mm were produced in the apical third of the hypocotyl for ein2-1 and ein2-5 ( Fig. 3d, e; Supplemental Fig. 4a ), whereas there was no strong evidence for a significant difference in the number and percentage of adventitious roots formed in the lower two-thirds of the hypocotyl (Fig. 3f, g;  Supplemental Fig. 4b ). On average, less adventitious roots were formed in the upper third of ctr1-1, eto2-1, and eto3-1 (Fig. 3e) , but the density and percentages were unchanged compared to the wild type ( Fig. 3d; Supplemental Fig. 4a ). An increased density and a higher percentage of adventitious roots were observed in the lower two-thirds of ctr1-1, eto2-1, and eto3-1 hypocotyls ( Fig. 4f; Supplemental  Fig. 4b ), although there was no difference between the average numbers (Fig. 3e) .
All mutants responded significantly to 1 μM GR24 (Fig. 3a, b) . When we look at percentage decreases, ctr1-1 seems to be less responsive than wild type (42% decrease in density compared to 68% decrease in wild type).
Furthermore, the ein2-1 mutant also responded in a dosedependent manner (Fig. 3c) with reductions of 35 and 87% in wild type and ein2-1, respectively, from doses as low as 1 nM GR24.
In wild type, strigolactone inhibited adventitious root formation more in the top third of the hypocotyl (Fig. 3d,  e) . In ein3-1, etr1-1, and eto3-1 , strigolactone also inhibited adventitious root formation of the top third of the hypocotyl (Fig. 3d, e) . In the complete ethylene-insensitive mutants, ein2-1 and ein2-5, adventitious root formation was not significantly inhibited by strigolactone, which is probably due to the already low number of roots formed in control conditions. In ctr1-1 and eto2-1, adventitious root formation was not affected in the top third of the hypocotyl by strigolactone. Adventitious root formation was significantly inhibited by strigolactone in the lower two-thirds of the hypocotyl (Fig. 3f, g ) for all genotypes. A similar trend can be observed for the percentage of adventitious roots in the lower two-thirds, although less pronounced (Supplemental Fig. 4b) .
The hypocotyl lengths of ethylene-insensitive mutants (ein2-5, ein3-1, and etr1-1) were not significantly different from the wild type at the end of the experiment (Supplemental Fig. 5 ), whereas the constitutive ethylene mutants and overproducers (ctr1-1, eto2-1, and eto3-1) all had shorter hypocotyls (Supplemental Fig. 5) .
The finding that the ethylene mutants respond to strigolactone demonstrates that strigolactones do not act upstream of ethylene in regulating adventitious root formation.
Strigolactones Applied Together with ACC has an Additive Effect on Adventitious Root Formation
To test whether strigolactones act independently of ethylene to regulate adventitious roots, we applied each hormone separately and together on wild type, max2, and max4. GR24 strongly inhibited adventitious root formation in both wild type and max4 but not in max2 (Fig. 4a ) consistent with previous findings (Rasmussen and others 2012a) . Similarly, high concentrations (≥ 10 μM) of ACC reduced the total number of adventitious roots in max2 and max4 (Fig. 4a) . When 1 μM GR24 was applied together with either 10 or 100 μM ACC, adventitious root formation was not significantly changed in max2 compared to the ACC treatment alone, whereas wild type and max4 were significantly reduced (Fig. 4a) .
When the different zones of the hypocotyl were separated ( Fig. 4b, c; Supplemental Fig. 6a, b) , GR24 reduced the effect of ACC. GR24 alone still inhibited adventitious roots in wild type and max4, whereas 10 and 100 μM ACC applied alone enhanced the number and percentage of adventitious roots in the top third of the hypocotyl (Fig. 4b and Supplemental Fig. 6a ). When GR24 and ACC were applied together, the number of adventitious roots was enhanced in max2 compared to wild type and reduced significantly in wild type and max4 compared to the ACC treatment alone. However, the promotive effect of high concentrations of ACC on adventitious root formation in GR24-treated wild-type and max4 seedlings was clearly visible compared to GR24 alone.
In the lower two-thirds of the hypocotyl ( Fig. 4c and Supplemental Fig. 6b ), 10 and 100 μM ACC reduced the number and percentage of adventitious roots, while GR24 only inhibited the average number of adventitious roots in wild type and max4 but not the percentages. When GR24 was applied together with 10 µM ACC, the percentage of adventitious roots in the lower two-thirds tended to increase compared to ACC alone. At high doses of ACC (100 µM) this trend was less visible.
These findings suggest there are differences in response between the two regions of the hypocotyl. In the top third of the hypocotyl, ACC and GR24 have antagonistic roles in adventitious root formation, with ACC as an enhancer for adventitious root production, whereas GR24 reduces the ACC effect, resulting in intermediate numbers of adventitious roots. Conversely, in the lower part of the hypocotyl, both ACC and GR24 affect the number of adventitious roots negatively. However, GR24 appeared to be less effective in the lower thirds, compared to the top third. The effect of GR24 and ACC (particularly in the top third) supports the hypothesis that strigolactones and ethylene act independently to regulate adventitious root formation.
Discussion
We have demonstrated that ethylene and strigolactone both regulate adventitious root formation but in different ways and most likely act largely independently. The effect of ethylene on changing the distribution of adventitious roots, not seen for strigolactone, the antagonistic effect of ACC and GR24 in the top third of the hypocotyl, the response of strigolactone mutants to ACC, and the response of ethylene mutants to GR24 all support independent roles for strigolactones and ethylene. Furthermore, in preliminary experiments, GR24 had no effect on adventitious root formation if applied after the transition to the light (data not shown), while ACC still affects adventitious root formation at this time further supporting their independent roles in regulating adventitious root formation. This is seemingly in contrast to the interaction proposed between ethylene and exogenous strigolactones for regulating root hairs. However, it should be noted that strigolactone response mutants do not display a root hair phenotype (Kapulnik and others 2011b) . It is possible that the interaction is specific for epidermal cells and it will be interesting in the future to know if primary root growth, lateral root formation, or nodulation is also regulated independently by strigolactones and ethylene.
Although the strigolactone mutants all respond to treatments with ACC, in some situations max2 appears to be more sensitive than the wild type (Fig. 1a) . This increased sensitivity to ethylene may result in down-regulation of ethylene production via a feedback loop at lower levels of ethylene compared to the wild type and may explain the lower level of ethylene emanation observed for max2 (Fig. 2a) . In addition, it has been shown in mung bean hypocotyls that ethylene inhibits adventitious root formation at higher auxin levels but promotes adventitious root formation at lower auxin levels (De Klerk and Hanecakova 2008) . Since the strigolactone mutants have been reported to have enhanced auxin transport (Bennett and others 2006; Crawford and others 2010; Shen and others 2012) , this may explain the relatively larger inhibition of adventitious rooting seen in strigolactone mutants. MAX2 has also been reported as a cross point in several other signaling networks including light responses others 2007, 2012) , karrikins (Nelson and others 2011) , nodulation (Foo and others 2013) , and light-grown hypocotyl elongation (Stirnberg and others 2002; Shen and others 2012) . More recently, it was shown that auxin transport inhibition by NPA could rescue the long hypocotyl phenotype of max2 (Shen and others 2012) . This does not rule out the possibility that ethylene regulation of auxin transport may be involved in this elongated hypocotyl. In addition, the study of the d14 mutant, which appears to be specifically involved in strigolactone perception, might further elucidate hormonal cross talk or independence during adventitious rooting.
The slight enhancement of adventitious root formation in wild-type seedlings treated with low doses of ACC matches the phenotype of ethylene mutants with enhanced ethylene production or signaling. However, higher doses of ACC contrast with the ethylene mutant studies. Higher   Fig. 3 Synthetic strigolactone (GR24) reduced adventitious rooting in etiolated wild-type and ethylene mutants. a The number of adventitious roots presented per mm of etiolated hypocotyl because some mutants have reduced etiolated hypocotyl length. b The average number of adventitious roots per seedling in each of the ethylene mutants. c ein2 ethylene-insensitive mutant and Columbia wild type (col) treated with increasing doses of the synthetic strigolactone GR24. d The number of adventitious roots per mm of etiolated hypocotyl (top third) and e average number of adventitious roots emerging from top third of the hypocotyl of each of the mutants. f Density and g average of adventitious roots in the lower two-thirds of the hypocotyl for each of the mutants. Ethylene-insensitive mutants = ein2-1, ein2-5, ein3, etr1-1; Enhanced ethylene response mutants = ctr1-1; Ethylene overproducers mutants = eto2-1, eto3-1. Means are presented ± standard error. Different letters represent means that are significantly different. Statistical analysis through Scheirer-Ray-Hare test (P < 0.05) followed by post hoc Wilcoxon rank sum test (P < 0.05) (n > 30 per biological repeat, five biological repeats) ◂ levels of ACC in the media may enhance ethylene production indiscriminately throughout the tissue of the seedlings, whereas tissue-specific gradients may be important. This may also explain why the distribution of adventitious roots differed in the ethylene mutants where changes may occur in a tissue/cell-specific manner, compared to ubiquitous treatments with mobile signals.
Nonetheless, it is clear that a functional ethylene signaling machinery is necessary for adventitious root formation since ein2 and ein3 had significantly reduced adventitious root formation compared to wild type which also supports the enhanced adventitious root formation at low ACC concentrations. Other studies have also reported less adventitious roots in ethylene-insensitive mutants of tobacco (40% reduction; McDonald and Visser 2003) and tomato (about 50% reduction; Negi and others 2010) in the absence of exogenous ethylene, whereas ethylene treatments decreased the number of adventitious roots in tobacco (McDonald and Visser 2003) in agreement with our findings with higher ACC treatments in Arabidopsis.
In addition to the adventitious root formation response to ethylene in Arabidopsis, this study demonstrates a differential distribution in adventitious root initiation along the etiolated hypocotyl of Arabidopsis. The effect of ACC treatment suggests that there are different zones within the hypocotyl, an upper zone (containing shorter cells) and the lower zone (containing elongated cells), with a different physiology (Supplemental Fig. S7 ). This is reminiscent of other processes, such as elongation, photoperception, or pigment accumulation, that are specifically active in the upper part of the hypocotyl (Gendreau and others 1997; Le and others 2005; Preuten and others 2013; Hatlestad and others 2015) . Interestingly, the ethylene-induced shift is especially visible in the case of permanent high ethylene levels caused by exogenous ACC ( Fig. 1; McDonnell and  others 2009 ). The fact that enhanced ethylene-sensitive or ethylene-overproducing mutants do not show this response (Fig. 3) may be due to tissue-specific effects, which cannot be mimicked by administration of ACC in the medium. Adventitious roots in the upper zone respond positively to Fig. 4 Strigolactone and ACC treatments act independently on adventitious root formation in etiolated seedlings. In all, GR24 = 1 µM synthetic strigolactone, 10 ACC = 10 µM ACC; 100 ACC = 100 µM ACC; applied alone (controls) or together with 1 µM GR24 (GR + ACC10 or GR + ACC100); col = Columbia wild type; max2 = strigolactone-insensitive mutant; max4 = strigolactone production mutant. a Average number of adventitious roots along the entire hypocotyl. b Average number of adventitious roots in the top third of the hypocotyl. c Average number of adventitious roots on the lower two-thirds of the hypocotyl. Means are presented ± standard errors. Different letters represent means that are significantly different. Statistical analysis through Scheirer-Ray-Hare test (P < 0.05) followed by post hoc Wilcoxon rank sum test (P < 0.05) (n > 30, 2 biological repeats) ▸ ACC but negatively to GR24, whereas adventitious roots in the lower zone respond negatively to both ACC and GR24. In contrast to our findings, adventitious root formation in sunflower cuttings form only on the lower section of the hypocotyl where ethylene promoted adventitious roots, whereas in the upper region ethylene inhibited adventitious root formation (Liu and others 1990) . The difference may be species-specific, due to interactions with the wound response occurring in the sunflower cuttings or may be due to the loss of interactions with root-derived messages such as cytokinins. However, it does highlight the importance of positional effects along the hypocotyl. In Columbia wild type, the top third of the hypocotyl contains nearly half of the total cells in the length of the hypocotyl (Supplemental Fig. S7 ). These much shorter cells include the region which was the apical hook and these different zones of the hypocotyl have also been reported previously in terms of cell elongation. Goto and Esashi (1974) found that ethylene promoted cell elongation in the straight section of the hypocotyl, but inhibited elongation in the curved apical hook. Hypocotyl elongation is also more strongly inhibited by light in the top half of the hypocotyl and can be rescued by exogenous ACC but not auxin (Le and others 2005) . Indeed, the top half of the hypocotyl has its own regulatory modules that lead to specific responses, for instance, involving auxin (Kami and others 2014) or light regulation of anthocyanin (Wang and others 2012) . Other hormones were also demonstrated to have opposing effects in these two zones of the hypocotyl across several species (Schilmiller and Howe 2005; Ahkami and others 2009; Da Costa and others 2013). Our findings indicate that the hypocotyl is not only separated in different zones by their differences in cellular elongation responses as reported by others, but also have different properties in terms of developmental control of adventitious root formation.
The enhanced adventitious rooting of the upper zone of the hypocotyl by ACC may result from changes in PIN localization and/or function (Zadnikova and others 2010) . Because there are more cells in the top third of the hypocotyl, this means there are more places to block auxin transport. In these upper cells, enough auxin may still build up and reach the threshold required to induce adventitious roots; however, inhibition of auxin transport may result in insufficient auxin to induce adventitious roots lower down the hypocotyl. This theory is also supported by an accumulation of auxin in the top of the hypocotyl which was also suggested to be due to a decrease in basipetal auxin transport (Vandenbussche and others 2010) . Coincidentally, AUX1 and LAX3, which are crucial for adventitious root development (Dello Rovere and others, 2013) , are associated with the ethylene-induced difference in auxin distribution in the hypocotyl (Vandenbussche and others 2010) . Likewise, an AUX1-and LAX3-dependent ethylene effect on adventitious rooting was recently documented (Veloccia and others 2016) .
Strigolactone has also been demonstrated to regulate PIN-mediated auxin transport (Bennett and others 2006; Crawford and others 2010; Shen and others 2012) and our previous work could not rule out an interaction between strigolactones and auxin transport in regulating adventitious root formation (Rasmussen and others 2012a) . It is possible that enhanced global auxin transport in the strigolactone mutants provides more auxin in the hypocotyl to reach the threshold required for adventitious root initiation. This auxin is still present in the upper cells if ethylene reduces auxin transport (Vandenbussche and others 2010) and may explain the enhanced effect of ACC treatment in strigolactone mutants. The difference in the timing of action between the two hormones may be that enhancing auxin transport requires more time than inhibiting auxin transport since increased biosynthesis may also occur to replace the removed auxin from the top of the polar auxin transport stream. Although changes in auxin transport (globally in strigolactone mutants and locally in the upper hypocotyl from ACC treatments) fit the current literature and may explain the different positioning of adventitious roots along the hypocotyl, further investigations are needed to confirm this model in adventitious root formation.
It is clear from our study that by scoring overall numbers of adventitious roots valuable physiological/phenotypic information can be lost. Since the overall number of adventitious roots did not change much, it could be suggested that ethylene does not have a strong effect on adventitious roots, and indeed depending on which concentration was applied could suggest that ethylene either slightly promotes or inhibits adventitious root formation. In contrast to the overall effect on root numbers, dissecting the distribution of adventitious roots demonstrated that ethylene has a dramatic effect on adventitious root formation. This may also partly explain the contradictory literature regarding the effect of ethylene on adventitious root formation. For example, in tomato ACC enhanced adventitious root formation at 1 and 10 µM (Negi and others 2010) , whereas in tobacco 2.1 µL L −1 ethylene treatments inhibited adventitious root formation (McDonald and Visser 2003) . In mung bean, ethylene both promoted and inhibited adventitious rooting depending on the auxin status of the seedlings (De Klerk and Hanecakova 2008) . By studying the distribution of adventitious roots, interactions between ethylene and other hormones may become clearer, such as demonstrated here for strigolactones.
Ethylene is also implicated in flooding-induced adventitious roots (Wample and Reid 1978) . In deep-water rice, it was shown that the increase in adventitious root emergence with waterlogging followed a similar time course and magnitude to ethylene treatments (Lorbiecke and Sauter 1999) . The ethylene-insensitive tobacco mutant Tetr was less responsive to waterlogging compared to the wild type (McDonald and Visser 2003) . Furthermore, when ethylene production was inhibited using L-α-(2-aminoethoxyvinyl)-glycine (AVG) in flooded Rumex sp, the number of adventitious roots was decreased (Visser and others 1996) . Despite the role of adventitious roots in flooding tolerance and the link between waterlogging and ethylene production, the positioning of these roots is rarely reported. It makes sense for submerged plants to produce adventitious roots as close to the top as possible to help reduce the hypoxia inhibition of growth. Hypoxia has been shown to enhance ethylene production (Geisler-Lee and others 2010) and conversion of ACC to ethylene requires oxygen and so will be greater from the water surface. This may then encourage adventitious root development close to the surface. However, further experiments using flooding will be required to demonstrate this role for ethylene-regulated distribution of adventitious roots and may help improve flooding tolerance in important crop species.
Building on the model in Rasmussen and others (2012a) , and published data showing the close interaction between ethylene and auxin (Vandenbussche and others 2012), we have added the role of ethylene in adventitious root formation in intact Arabidopsis hypocotyls (Fig. 5 ). In the model, strigolactones inhibit adventitious root formation, possibly via changes in auxin transport. Strigolactones and ethylene converge on the regulation of auxin distribution kinins were also shown to be independent of strigolactones in (Rasmussen and others 2012a). Light promoted CCD7 and CCD8 expression (Rasmussen and others 2012a) and inhibited ethylene production in etiolated seedlings (Fig. 2b) . Ethylene applications moved adventitious root initiation sites to higher up the hypocotyl possibly via the inhibition of auxin transport (Preuten and others 2013; Vandenbussche and others 2010) (represented by curved dashed inhibitory lines), whereas under normal ethylene conditions adventitious roots can form anywhere along the hypocotyl and responses. In addition cytokinin acts independently of strigolactones to inhibit adventitious root formation (Rasmussen and others 2012a). From the results in this study, ethylene moves the location of adventitious root formation to higher positions on the hypocotyl. It will be of interest to evaluate whether this model applies to other systems often used in a horticultural context, such as wounded hypocotyls, excised leaves, or stem cuttings.
